Optical reflectance of a two-dimensional ͑2D͒ metallodielectric ͑MD͒ photonic crystal composed of hexagonal array of close-packed silver-shell polystyrene-core composite particles has been studied at off-normal incidence under both P and S polarizations. A dramatic change in reflectivity behavior of the 2D MD film from a 2D colloidal crystal template and a homogeneous silver film has been observed. The phenomenon of strong reflectance bands of the 2D MD film was explained as a selective coupling of the incident light with surface plasmon of the 2D textured structure via the 2D grating. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1857086͔ Photonic crystals ͑PCs͒ are composite materials with a periodic modulation of dielectric function. Strong diffraction of an electromagnetic ͑EM͒ wave thus occurs within certain frequencies, called a photonic band gap, in which the EM wave is prohibited from propagating. A three-dimensional ͑3D͒ PC with a complete photonic band gap ͑CPBG͒ requires that the gaps along specific crystal orientations overlap in 3D space. These kinds of materials have great potentials in controlling propagation and spontaneous emission of light.
Photonic crystals ͑PCs͒ are composite materials with a periodic modulation of dielectric function. Strong diffraction of an electromagnetic ͑EM͒ wave thus occurs within certain frequencies, called a photonic band gap, in which the EM wave is prohibited from propagating. A three-dimensional ͑3D͒ PC with a complete photonic band gap ͑CPBG͒ requires that the gaps along specific crystal orientations overlap in 3D space. These kinds of materials have great potentials in controlling propagation and spontaneous emission of light. 1, 2 In order to realize 3D PCs with CPBG that operate in the visible/near infrared, an introduction of the metallic component in the dielectric matrix has been proposed to overcome the limitations of low dielectric contrast built when using optically transparent media. [3] [4] [5] [6] In particular, theoretical calculations have shown that a face-centered-cubic lattice of noble metal microspheres or nanoshells has a wide CPBG below the electronic plasma frequency. 6 This CPBG opens between the fifth and sixth bands, and originates from the large negative value of the real part and the small value of the imaginary part of the dielectric constant. Recently, many experiment efforts have been devoted to the fabrication of metallodielectric ͑MD͒ PCs using opals as templates, because bare opals provide a reliable way for material patterning with a spatial modulation lattice constant on the order of submicron. [7] [8] [9] [10] [11] For MD PCs, the CPBG effect was predicted to be well built using a crystal with a few layers. 3, 5, 6 In this regard, the properties of a MD PC slab are governed in many aspects by the properties of a corresponding two-dimensional ͑2D͒ MD system. Although the properties of 2D photonic crystals consisting of purely dielectric spheres have been studied theoretically and experimentally, [12] [13] [14] [15] the properties of 2D MD structures using MD particles as building blocks has not been studied. In this letter, we study experimentally the optical properties of a 2D hexagonal array of metal-dielectric shellcore composite microspheres. We performed detailed reflectivity measurements of the 2D ordered structure under different angles of incidence. The reflected light shows interesting optical properties that exist only in such 2D metallic grating structures.
The details of the synthesis process of the samples are described elsewhere. 9 In brief, a 2D colloidal crystal template consisting of monodispersed polystyrene ͑PS͒ beads was first grown under capillary forces, within a microchannel. A seeding/electroless plating process was performed for metal coating on PS beads. The template was kept within the microchannel for preserving the 2D ordering of the template while patterning metal. Figure 1͑a͒ shows the scanning electron microscopy ͑SEM͒ image of the grown 2D template, which was composed of hexagonal array of close-packed PS beads ͑1600 nm in diameter͒. Figure 1͑b͒ a dense coverage of silver nanoparticle. The silver-shell thickness was estimated to be about 45± 5 nm.
To characterize the optical properties of these 2D ordered structures, specular reflectance was measured, by using an infrared ellipsometer ͑GES-5, Sopra͒ as a function of wavelength, for various angles of incidence. Measurements were made for both P and S polarizations, of which the EM wave electric field was parallel and perpendicular to the plane of incidence, respectively.
For the latter comparison and discussion, we first show typical experimental results of the reflectivity for the 2D PS colloidal crystal in Fig. 2 , as functions of wavelength for incidence angles = 50°, 60°, 70°, and 75°. The reflectivity spectra for P and S polarizations were presented separately in Figs. 2͑a͒ and 2͑b͒, which show a remarkable difference in the optical behavior. For P polarization, the reflectivity of the 2D dielectric template is negligible for Ͻ 50°; but increases steadily when changes from 60°to 75°. Although a reflectance shoulder was observed in the long-wavelength region, no reflectance band was observed for the P polarization in the spectrum region of interest. In contrast, for S polarization, the reflectivity spectrum shows a noticeable reflectivity even for = 50°, with two clear reflectance bands at 1150 nm and 1720 nm, respectively. The two bands appear to "blueshift" when changes from 50°, but then retain their position for larger angles. At = 60°, however, the latter band overlaps with an emerging band centered at 1480 nm. Similar to the former two bands, the band at 1480 nm shows an initial blueshift but remains at approximately the same wavelength for a larger angle. In addition, the 1480 nm band increases steadily in magnitude such that it becomes the most intense one in the spectrum for Ͼ 70°.
Shown in Figs. 3͑a͒ and 3͑b͒ are the typical experimental results for the 2D hexagonal close-packed array of PS-core silver-shell composite particles. It is observed that the 2D MD photonic crystals show a much stronger scattering effect even for an angle of incidence Ͻ 50°, as compared with the 2D purely dielectric template. 15 More importantly, it is seen that coating a thin metal layer on the PS beads leads to a substantial modulation in the reflectivity for both P and S polarizations, by comparison of Fig. 3 with Fig. 2 . For P polarization, the reflectivity of the 2D MD film remains unchanged in the spectral region from 1600 nm to 2000 nm, independent of the angle of incidence. In the wavelength region below 1550 nm, however, a high reflectance band at 1210 nm was observed for = 30°. The central wavelength of this band increases steadily from 1210 nm to 1470 nm when changes from 30°to 70°, but its intensity decreases at the same time, as the angle of incidence was increased. This band overlaps with an emerging 1380 nm band at 60°. In addition to these two weak bands, another band emerges at = 70°, with its central wavelength at 1050 nm. This band appears to be the dominant one at larger angles.
For S polarization, variation of the angle of incidence leads to a remarkable modulation in the reflectivity in the whole spectrum range for the 2D MD structure. For example, for the angle = 30°, there are two reflectance bands in the spectrum, one centered at 1110 nm and the other at 1720 nm. The band at the longer wavelength first exhibits a "redshift" until = 50°and then a blueshift, with a steady increase in its amplitude when was increased from = 30°. However, the evolution of the band at the short wavelength is different. It retains its position irrespective of the angle of incidence. Both bands decay at = 70°.
The reflectivity features exhibited by the 2D MD film are certainly associated with a strong scattering effect from the single building blocks, i.e., the silver nanoshells. Since silver has a large negative real part in the dielectric constant in the near infrared, deposition of a silver nanoshell on the PS beads leads to a substantial change in the dielectric constant, thus resulting in a dramatic change in the reflectance FIG. 2. Reflectivity spectra for the 2D colloidal crystal of PS beads ͑1600 nm in diameter͒ with P polarization ͑a͒ and S polarization ͑b͒, at various incident angles: = 50°, 60°, 70°, and 75°. FIG. 3 . Reflectivity spectra for the 2D ordered MD structure made of PScore silver-shell composite microspheres for P polarization ͑a͒ and S polarization ͑b͒, as functions of various angles of incidence: = 30°, 40°, 50°, 60°, and 70°.
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from that of the 2D template. Strong deviation of optical reflectance of opals consisting of polyelectrolyte-coated PS spheres infiltrated with gold nanoparticles from that of opals assembled from bare PS spheres has also been observed very recently by Miclea et al.
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On the other hand, the underlying 2D grating also plays an important role in the strongly modulated reflectivity properties of the 2D textured metallic system. It has been demonstrated experimentally that an optically thick metal film perforated with a 2D array of subwavelength holes can enable an effective coupling of the incident light with the structure, thus leading to an enhanced transmittance. 16, 17 For the 2D MD system considered here, this may happen at a selective wavelength of the spectrum, due to the requirement of momentum conservation condition of the physical process. 16 As a consequence, energy of the impinging light could be efficiently converted into the surface plasmons of the 2D microstructure, which would make an additional but remarkable modulation to the reflectivity behavior, as compared with the 2D colloidal crystal template.
Normally, the optical properties of the outer silver nanoshells prepared on colloidal beads by a seeding/ electroless plating technique, depends on the growth condition, 9, 18, 19 and are of composite to some extent ͓see, also, the inset in Fig. 1͑b͔͒ . An exact numerical simulation of the reflectance bands, which takes full account of the local spatial coverage of silver nanoparticles and the 2D periodicity of the MD structure, is difficult. The layered multiple scattering method 20, 21 should be helpful for the numerical analysis of the results presented above. In order to figure out qualitatively the key role of the 2D grating of the MD structure, we compared the reflectivity behavior of the MD film with that of a homogeneous silver film with a smooth surface. Figure 4 shows the optical reflectivity of a smooth silver film with a thickness of 50 nm, within the same spectrum range under three different angles of incidence: = 60°, 70°, and 75°. The thin silver film was chemically deposited on a quartz substrate via the same process as for silver coating on PS beads. It is seen that the metal film exhibits very different reflectivity behavior as compared to the 2D MD structure. For either P or S polarization of the incident light, the film displays a nearly constant reflectance from 1000 nm to 2000 nm. No reflectance bands were observed in spite of the angle of incidence, except for a weak dependence on the wavelength. The origin of the reflectivity property of a smooth metal surface is directly related to the fact that the surface plasmon at the interfaces of the silver film is decoupled from the incident light.
In summary, the reflectivity spectra of a 2D hexagonal array of close-packed PS-core silver-shell composite particles were compared with properties of a 2D colloidal crystal and a uniform planar silver film for P and S polarizations under off-normal incidence. Strongly modulated specular reflectivity has been observed experimentally in the nearinfrared spectrum region, with different features for the two polarizations. These findings of reflectance bands will simulate further theoretical and experimental interests in controlling the optical properties of a 2D ordered microstructure assembled from MD composite spheres with tunable metallic shells and its potential photonic applications in the nearinfrared spectrum region.
